Ultraviolet surface plasmon-mediated low temperature hydrazine decomposition
Siying Peng (彭斯颖), 1 Matthew T. Sheldon, 1 Wei-Guang Liu, 2 Andres Jaramillo-Botero, 2 William Andrew Goddard III, 2 and Harry A. Atwater Conventional methods require elevated temperatures in order to dissociate high-energy nitrogen bonds in precursor molecules such as ammonia or hydrazine used for nitride film growth. We report enhanced photodissociation of surface-absorbed hydrazine (N 2 H 4 ) molecules at low temperature by using ultraviolet surface plasmons to concentrate the exciting radiation. Plasmonic nanostructured aluminum substrates were designed to provide resonant near field concentration at k ¼ 248 nm (5 eV), corresponding to the maximum optical cross section for hydrogen abstraction from N 2 H 4 . We employed nanoimprint lithography to fabricate 1 mm Â 1 mm arrays of the resonant plasmonic structures, and ultraviolet reflectance spectroscopy confirmed resonant extinction at 248 nm. Hydrazine was cryogenically adsorbed to the plasmonic substrate in a low-pressure ambient, and 5 eV surface plasmons were resonantly excited using a pulsed KrF laser. Mass spectrometry was used to characterize the photodissociation products and indicated a 6.2Â overall enhancement in photodissociation yield for hydrazine adsorbed on plasmonic substrates compared with control substrates. 1,2 Conventional growth methods for these materials include chemical vapor deposition (CVD) and molecular beam epitaxy (MBE), which both require high temperatures (>500 K) to create atomic nitrogen growth species by thermal decomposition of nitride precursor molecules. 3 Alternatively, magnetron sputtering can be used to grow nitride semiconductors at room temperature. 4 However, the sputtering process utilizes high-energy plasma ions to bombard nitride precursors, resulting in a high kinetic energy distribution of atomic nitrogen that limits the crystalline quality of the growing film. By contrast, ultraviolet (UV) radiation can resonantly dissociate nitrogen bonds, through a pathway that does not produce species with high kinetic energy or require high temperatures. By generating a kinetic energy distribution of the dissociated nitrogen species similar to that achieved in molecular beam epitaxy or chemical vapor deposition processes, resonant ultraviolet dissociation of nitrogen precursors may enable low temperature film growth with superior crystalline quality. Additionally, because film growth could occur at lower temperatures, such a process may open doors for synthesis of difficult-to-make semiconductor materials such as indium rich InGaN, which is normally hindered due to phase separation into InN and GaN at elevated growth temperatures. 5, 6 We utilize the optical confinement properties of surface plasmons to localize ultraviolet radiation in a surface-adsorbed hydrazine layer and thus generate a high flux of reactive nitrogen species athermally, with the aim of overcoming the limitations of conventional high temperature nitride film growth, a method of nitride precursor generation that has not been demonstrated before. Surface plasmons are coherent oscillations of charge density at the interface of a metal and a dielectric that confine incident radiation within evanescent fields of subwavelength extent in the direction perpendicular to the surface, thereby providing concentration of optical intensity at resonance up to 1000Â greater than the free space intensity in some cases. 7 This remarkable property of surface plasmons has been studied extensively for various applications such as surface-enhanced Raman scattering (SERS), 8 surface enhanced photo-chemistry, 9-15 optical tweezing, 16 and nanoparticle therapeutics. 17 In our experiment, the enhancement of radiation fields via surface plasmon excitation is employed to maximize resonant ultraviolet decomposition of nitride growth precursor molecules that are cryogenically condensed at high concentration on plasmonically active substrates.
We identify hydrazine (N 2 H 4 ) as a promising nitride growth precursor molecule for low temperature film growth. N 2 H 4 molecules have a dissociation threshold at k ¼ 376.2 nm and very large optical absorption cross section at 5 eV (k ¼ 248 nm), 18, 19 which is compatible with an KrF excimer laser excitation at 248 nm. Figure 1 shows the potential energy diagram along the N-H bond in a N 2 H 4 molecule calculated at the level of GVB-RCI (generalized valence bondrestricted configuration interaction) (restricted double excitation) 20 /cc-pVTZ//B3LYP/6-311þþG**. Optical excitation at 5 eV resonantly excites the N-H bond in the singlet electronic ground state (S 0 ) which we calculated to have an energy barrier of 4.0 eV after including the zero point energy correction, from a lower roto-vibrational state to a higher roto-vibrational state. The higher roto-vibrational state is sufficiently energetic to overcome the potential well of the S 0 state, resulting in the stretch of the N-H bond and ultimately, bond dissociation, and energizing other degree of freedoms in the molecule with the excess energy from the surface plasmon (1.0 eV in this case). We note that the energy gap between the ground state S 0 and the first excited state T 1 is 8.6 eV, which is too large to be excited by a 5 eV surface plasmon. We utilize surface plasmons to enhance the ultraviolet radiation field that excites the 5 eV dissociation pathway in N 2 H 4 . Ultraviolet surface plasmons have been studied in the past to enhance surface photochemical reactions, 9 increase sensitivity of SERS, 8 and generate photoelectron emission. 21 In the above context, aluminum has been identified as a promising ultraviolet plasmonic material for two reasons: its high bulk plasmon energy in the deep ultraviolet and low optical loss [21] [22] [23] entails that it provides strong ultraviolet field enhancement compared to more conventional plasmonic materials such as gold and silver.
To optimize plasmonic concentration of optical energy at 5 eV and facilitate dissociation of N 2 H 4 , we performed full wave electromagnetic simulations of surface plasmon modes in aluminum nanostructures. We identified a periodic aluminum grating structure as a simple and promising geometry, because it enables momentum matching between incident photons and surface plasmon modes on the metal. Shown in Figure 2 (a) is the modeled reflectance over energy and wave number k g ¼ ( 2p grating pitch Þ, of an aluminum grating where a 4 nm native oxide on the surface (shown in Figure 2(b) ) is included in the model. The width of the ridges (W in Figure 2 (b)) of the grating increases as the grating pitch increases. Both the photonic dispersion and surface plasmon dispersion are manifested as a valley in reflectance spectrum (blue color in Figure 2(a) ), indicated by the dashed lines. At lower wavenumber (larger pitch), the surface plasmon approaches the light line. As the wavenumber increases, the surface plasmon diverges from the light line and approaches an asymptotic limit, indicating localization of the optical field on the surface of the aluminum. In Figure 2(a) , the reflectance valley indicated by the circles arises from the localized surface plasmon mode at the ridges of the grating. Similar to the localized plasmonic mode of a metal nanoparticle, the energy of this localized surface plasmon mode decreases as W increases with the grating pitch. The broader reflectance valley at small wavenumber indicated by the stars corresponds to photonic modes and reveals the diffraction orders of the aluminum grating. We performed a systematic parameter variation changing W, the grating height (H in Figure 2(b) ), and pitch of the grating to determine the geometry with minimum reflectance at 248 nm, corresponding to maximum field concentration in the plasmonic mode. We observe the strongest surface plasmon resonance at this wavelength for a grating period of 205 nm, width of 24 nm, and height of 50 nm. The electric field magnitude of the optimal geometry (Figure 2(b) ) indicates that the optical energy is clearly confined close to the surface of the metal. By integrating of the electric field magnitude, we observe a near-field enhancement factor of 25Â in the optimized design. A large area aluminum grating structure with the optimized design identified above was fabricated using a nanoimprint lithography process in which electron beam lithography was used to fabricate the nanoimprint stamp. 24 Briefly, electron beam lithography was used to pattern a silicon wafer coated with negative resist. A grating pattern was etched into the silicon wafer via reactive plasma etching (C 4 F 8 and SF 6 ). The pattern on the silicon wafer was then transferred into a stamp of high modulus polymethyl disiloxane (PDMS). The transferred pattern was stamped into a sol-gel silica film spun onto a sputtered aluminum film via soft contact with the high modulus PDMS stamp. A reactive plasma etch (Cl 2 and HBr) was then performed to transfer patterns from the silica into the aluminum film. An atomic force microscope (AFM) image of the fabricated aluminum grating is shown as the inset of Figure 2(c) . The total area of the patterned structure is 1 mm Â 1 mm, and the average period is 205 nm, with an average grating width of 24 nm.
We measured the ultraviolet reflectance (Figure 2(c) ) of the fabricated aluminum grating using an integrating sphere purged with nitrogen, in order to minimize ultraviolet absorption by atmospheric oxygen. The ultraviolet source of the integrating sphere illuminates the sample at an angle of 8 relative to normal incidence. In experiments that utilize the grating to dissociate N 2 H 4 , described below (Figure 3) , a 248 nm excimer laser excites the grating at normal incidence. However, the surface plasmon resonance of the grating is highly dependent on incident angle, so the measured reflectance spectrum, taken at 8 incidence, has been transformed mathematically to depict the reflectance at normal incidence in order to better compare with experimental conditions. The measured spectrum after this transformation is shown as the red curve in Figure 2(c) . In both the measured and simulated (black) reflectance spectrum, a surface plasmon resonance at 248 nm is clearly visible. The difference in reflectance between the experimentally measured spectrum and the simulated spectrum is attributed to defects in the fabricated aluminum grating.
To experimentally characterize the efficiency of the ultraviolet surface plasmon mediated dissociation of N 2 H 4 , we utilize mass spectrometry measurements of surface desorbed species, as shown in Figure 3 . The aluminum plasmonic grating is placed inside a vacuum system at 10 À6 Torr pressure, mounted on a copper stage that is thermally coupled to a liquid nitrogen bath outside the chamber. When the stage is cooled to 77 K, N 2 H 4 vapor is introduced into the vacuum system. The chamber pressure is raised to 10 À5 Torr by introduction of N 2 H 4 , and N 2 H 4 molecules are adsorbed on the aluminum grating surface. An unpolarized, pulsed KrF laser operating at 10 W m À2 at 248 nm and 1 Hz pulse rate is directed through a viewport into the vacuum chamber at normal incidence on the grating. The plasmonically enhanced optical field resonantly dissociates N 2 H 4 molecules into dissociation products such as N 2 H 3 . The dissociation products are monitored via mass spectrometry with a filament at an ionization energy of 70 eV.
The mass spectrometry data from a typical experiment are shown in Table I . The left column lists the dissociation products of N 2 H 4 that are detected by the mass spectrometer. In the middle two columns, we compare the partial pressure and quantum yield of the dissociation products from the aluminum grating substrate and a control substrate consisting of a quartz slide exposed to hydrazine under the same experimental conditions. The signal from each species, S i , in the measured mass spectrum is a convolution of ions generated by resonant ultraviolet dissociation of N 2 H 4 , labeled S Li , as well as species that are generated by gas phase N 2 H 4 molecules that are dissociated by the mass spectrometer filament directly, labeled S Di . To correct for mass signals that are not due to ultraviolet dissociation of hydrazine, the partial pressure and quantum yield are calculated according to the following procedure. First, the relative ratio of dissociated species is measured in the dark, defining S Di . The corrected signal, S Li , listed in Table I is obtained by subtracting the partial pressure of each dissociation product, S i , from the partial pressure measured in the dark, S Di , normalized for the total amount of N 2 H 4 molecules that were ionized and detected
We assume that the relative ratio of species generated only by the spectrometer filament, S Di , does not change when the laser is on versus in the dark. Our mathematical procedure ensures that condensed N 2 H 4 species on the plasmonic substrate that are released without undergoing ultraviolet dissociation, e.g., from heating or ablation, are not counted in the corrected yield. For each of the dissociated species, the quantum yield, QY i , is determined from the partial pressure and calculated to be where g is a geometric factor relating partial pressure to absolute number of particles based on our chamber configuration. The right column of Table I shows the enhancement ratio, R i , of each detected hydrazine decomposition product on the plasmonic substrate as compared with the products from the control substrate. Significantly, the plasmonic substrate enhances the dissociation of every species. The overall enhancement ratio R is calculated by taking the average of all enhancement factors for each dissociation product, where i and j are independent parameters
The total enhancement factor is 6.2Â for all N 2 H 4 dissociation products when using the plasmonic aluminum substrate compared with the quartz substrate.
In conclusion, we demonstrate a plasmonic nanostructure to concentrate ultraviolet radiation and enhance the generation of reactive nitrogen species athermally via resonant photodissociation by an overall factor of 6.2Â. Surface plasmon-enhanced athermal dissociation processes, like those demonstrated here, may potentially open alternative pathways for the growth of nitride semiconductor films, by generating reactive nitrogen-containing precursors for film growth at low temperatures. This work was supported by DARPA under Grant No. W911NF-13-1-0040 and utilized facilities of the Kavli Nanoscience Institute at Caltech. 
